Introduction
Retinitis pigmentosa (RP) is a group of inherited diseases that cause progressive retinal degeneration, and RP is a major cause of adult blindness that affects more than 1.5 million patients globally (1) . The main symptoms of RP are night blindness and constriction of the visual field, followed by the loss of central vision due to rod and subsequent cone photoreceptor cell death. Although mutations in more than 50 different genes have been discovered in RP patients (2) (3) (4) , the biological and molecular mechanisms by which these mutations cause retinal degeneration have not been fully elucidated. The identification of the common pathological processes that underlie RP will be critical to developing novel treatments for RP.
One candidate biological process implicated in the progression of RP is oxidative stress. Oxidation to macromolecules such as lipids, proteins, and nucleic acids is substantially increased in the retina of various animal models of RP (5, 6) . Systemic treatments with antioxidants and the retinal overexpression of antioxidant genes suppressed the rod and cone photoreceptor cell death in these models (7) (8) (9) (10) (11) . However, the mechanism by which oxidative stress induces photoreceptor cell death remains largely unexplored.
8-oxo-7,8-dihydroguanine (8-oxoG) is a major oxidized base in DNA (12) , and its accumulation is associated with various diseases, including cancer and neurodegeneration (13) (14) (15) . In an earlier study, we demonstrated that 8-oxoG is increased in the retina of animal models of RP and the vitreous of RP patients (16) . In addition, the transgenic overexpression of MutT homolog-1 (MTH1), an enzyme that sanitizes the oxidized nucleotide pool, delayed the photoreceptor cell death in a mouse model of RP (16) , suggesting that DNA oxidation is a key event in the mediation of retinal degeneration in RP.
8-oxoG incorporated into the template DNA can easily mispair with adenine (17, 18) , and these mismatched adenines are excised by MutY homolog (MUTYH), a base excision repair (BER) enzyme against oxidative DNA damage (19, 20) . However, under severe oxidative stress, MUTYH leads to the excessive Oxidative stress is implicated in various neurodegenerative disorders, including retinitis pigmentosa (RP), an inherited disease that causes blindness. The biological and cellular mechanisms by which oxidative stress mediates neuronal cell death are largely unknown. In a mouse model of RP (rd10 mice), we show that oxidative DNA damage activates microglia through MutY homolog-mediated (MUYTH-mediated) base excision repair (BER), thereby exacerbating retinal inflammation and degeneration. In the early stage of retinal degeneration, oxidative DNA damage accumulated in the microglia and caused single-strand breaks (SSBs) and poly(ADP-ribose) polymerase activation. In contrast, Mutyh deficiency in rd10 mice prevented SSB formation in microglia, which in turn suppressed microglial activation and photoreceptor cell death. Moreover, Mutyh-deficient primary microglial cells attenuated the polarization to the inflammatory and cytotoxic phenotype under oxidative stress. Thus, MUTYH-mediated BER in oxidative microglial activation may be a novel target to dampen the disease progression in RP and other neurodegenerative disorders that are associated with oxidative stress.
formation of single-strand breaks (SSBs) of DNA during the BER process (21, 22) , and this causes neuronal cell death as well as microgliosis in toxin-induced neurodegeneration (23) .
Oxidation and inflammation interact strongly during neurodegeneration. Activated microglial cells mediate neuronal cell death through the production of ROS in experimental models of retinal and neuro-degeneration (24, 25) . In addition, Gill et al. reported that a reduction of antioxidant/detoxifying enzyme in microglial cells enhances glutamate production and neurotoxicity in HIV-associated neurocognitive disorders (26) . However, the precise mechanisms that link oxidation and inflammation remain elusive. In the present study of a mouse model of RP, we observed that oxidative DNA damage in the microglia was pivotal for microglial activation, and our findings demonstrated that MUTYH-mediated BER is a critical step in the promotion of retinal inflammation and degeneration.
Results
Mutyh deficiency protects photoreceptors against cell death and suppresses microglial activation in rd10 mice. The rd10 mouse is a mouse model of RP with a missense point mutation in the β-subunit of the rod cyclic guanosine monophosphate (cGMP) phosphodiesterase gene (Pde6b) (27) . Point mutations of PDE6β have been detected in autosomal recessive RP patients (28) . In rd10 mice, rod photoreceptor cell death begins around postnatal day 18 (P18) and most of the rod photoreceptor cells disappear at P30, followed by cone photoreceptor cell death (27) . For the present investigation of the downstream events of DNA oxidation during retinal degeneration, we crossed rd10 mice with Mutyh −/− mice to create rd10;Mutyh −/− mice. There was no obvious retinal abnormality in the Mutyh −/− mice (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/jci.insight.87781DS1). A Western blot analysis confirmed that MUTYH expression in the retina was abolished in the rd10;Mutyh −/− mice ( Figure 1A ). MUTYH deficiency significantly reduced the number of TUNEL-positive cells in the outer nuclear layer (ONL) at P21 ( Figure 1 , B and C), and it attenuated the loss of rod photoreceptor cells at P26 in the rd10 mice ( Figure 1, D and E) . In addition, the retinal whole-mount staining for peanut agglutinin (PNA), which selectively binds to cone inner and outer segments, showed that the rd10;Mutyh −/− mice retained more cone photoreceptor cells compared with the rd10;Mutyh +/+ mice at P42 (Figure 1 , F and G). To assess the influence of MUTYH deficiency on microglial activation, we performed retinal wholemount staining for microglial activation marker Iba-1. The number of Iba-1-positive microglia was significantly decreased in the rd10;Mutyh −/− mice compared with the rd10;Mutyh +/+ mice at both P21 ( MUTYH triggers SSB formation and PARP activation during retinal degeneration in rd10 mice. Excessive oxidative DNA damage results in the formation of SSBs during BER, and SSBs in the nucleus and mitochondria mediate the activation of poly(ADP-ribose) polymerase (PARP) and calpain, respectively (21) . We previously showed that nuclear DNA oxidation and PARP-apoptosis inducing factor (AIF) activation occur predominantly in the retina of rd10 mice (16) . In the present study, therefore, we investigated whether these pathways are affected by MUTYH deficiency in rd10 mice. The immunostaining for single-strand DNA (ssDNA) showed that there were no SSBs in the ONL of the P14 rd10;Mutyh +/+ mice or in the rd10;Mutyh
mice. Punctate staining of SSBs was observed in the ONL of P17 rd10;Mutyh +/+ mice or rd10;Mutyh −/− mice (Supplemental Figure 2) . Thereafter, MUTYH deficiency substantially prevented the formation of SSBs in the ONL of the P21 rd10 mice (Figure 2, A and B) .
PARP is an enzyme activated by SSBs in nuclear DNA (29) , and PAR polymer, which is produced on PARP activation, directly induces the nuclear translocation of AIF and cell death (30, 31) . The increased PAR expression and AIF nuclear translocation observed in the rd10;Mutyh +/+ mice were markedly suppressed in the rd10;Mutyh −/− mice ( Figure 2 , C and D, and Supplemental Figure 3 ). These findings indicate that MUT-YH-mediated BER is critical for the formation of SSBs and the activation of the PARP pathway in rd10 mice.
Oxidative DNA damage in microglia initiates microglial activation and exacerbates retinal degeneration through MUTYH-mediated BER. We next examined the time-dependent changes of oxidative DNA damage during retinal degeneration and the effect of MUTYH deficiency on DNA oxidation. In the retinas of the rd10;Mutyh +/+ mice, there was no obvious 8-oxoG accumulation at P14 ( Figure 3A and Supplemental Figure 4A) . We observed 8-oxoG immunoreactivity in the ONL in a punctate pattern at P17 ( Figure 3B and Supplemental Figure 4B ), and the immunoreactivity was expanded to the ONL diffusely at P21 ( Figure 3C and Supplemental Figure 4C ). Since MUTYH acts downstream of DNA oxidation, we hypothesized that MUTYH deficiency may not affect the levels of 8-oxoG in rd10 mice. Indeed, there was comparable punctate immunoreactivity of 8-oxoG between the rd10;Mutyh +/+ and rd10;Mutyh −/− mice at P17 ( Figure 3B and Supplemental Figure 4B ). However, surprisingly, the 8-oxoG accumulation at P21 was substantially decreased in the rd10;Mutyh −/− mice ( Figure 3C and Supplemental Figure 4C ). Because the 8-oxoG immunoreactivity detected with or without HCl pretreatment was comparable, we performed the subsequent experiments with HCl pretreatment.
To elucidate the mechanisms by which MUTYH accelerates microglial activation, we investigated the cell types associated with DNA oxidation in the early stage of retinal degeneration. Previous studies showed that microglial cells infiltrate into the ONL concomitantly or before the onset of photoreceptor cell death in animal models of RP (32) . In the present investigation, the double immunostaining for 8-oxoG and Iba-1 revealed that part of the 8-oxoG signal was colocalized with that of Iba-1 in both the rd10;Mutyh +/+ and rd10;Mutyh −/− mice at P17 ( Figure 4A ). At P21, increased 8-oxoG immunoreactivity was observed in the photoreceptor layer, as well as in microglial cells in the rd10;Mutyh +/+ mice, whereas they were substantially prevented in the retinas of the rd10;Mutyh −/− mice ( Figure 4B ). Costaining with 8-oxoG, Iba-1, and DAPI showed that the 8-oxoG accumulation was associated with nuclear DNA of microglia in the rd10;Mutyh +/+ mice, at least in part ( Figure 4C ).
We next investigated the formation of ssDNA and the activation of PARP in microglia. The microglia were associated with the accumulation of SSBs and PAR in the rd10;Mutyh +/+ mice at P17 and P21 ( Figure  5 , A-D). In contrast, MUTYH deficiency prevented the SSB formation and PARP activation in microglial cells at both time points ( Figure 5 , A-D). These findings suggest that oxidative DNA damage in microglia triggers microglial activation and promotes photoreceptor degeneration through MUTYH-mediated BER.
MUTYH mediates the activity and cytotoxicity of primary microglial cells under oxidative stress. To test whether MUTYH mediates microglial activation under oxidative stress, we conducted in vitro experiments using primary microglial cells isolated from the brains of rd10;Mutyh +/+ and rd10;Mutyh −/− mice. Because PDE6β is exclusively expressed in rod photoreceptor cells in the retina, rd10 mutation may not influence We first examined the accumulation of SSBs and PAR under normal and oxidative conditions. We used menadione, which increases ROS by depleting NADPH (33) , to cause oxidative DNA damage to microglial cells. Immunostaining demonstrated that menadione induced an accumulation of SSBs and PAR in Mutyh +/+ microglia, while these accumulations were suppressed in Mutyh −/− microglia ( Figure 6 , A and B, and Supplemental Figure 8) .
Next, we investigated the activation status of microglia. CD206 is a scavenger receptor that facilitates the clearance of dying or dead cells, and it mediates neuroprotective and antiinflammatory effects in neurodegeneration (34) . MUTYH deficiency suppressed the reduction of CD206 expression that was induced by menadione ( Figure 6 , A and B, and Supplemental Figure 8 ). In contrast, the menadione treatment increased the production of TNF-α from microglial cells, which was reversed by MUTYH deficiency (Figure 6C) . The cell viability of the microglial cells was not severely affected by the menadione treatment, and there was no difference between the Mutyh +/+ and Mutyh −/− microglia (Supplemental Figure 9 ). We then cocultured microglial cells with 661W photoreceptor cells to evaluate the cytotoxicity of microglial cells. The results of the lactate dehydrogenase (LDH) assay showed that there was only a low level of LDH release from 661W cells cocultured with unstimulated Mutyh +/+ or Mutyh −/− microglia. The coculture of 661W cells with menadione-treated Mutyh +/+ microglia resulted in a substantially increased LDH release in a menadione dose-dependent manner. This menadione-induced microglial cytotoxicity was completely reversed by MUTYH deficiency ( Figure 6D ). The LDH levels released from microglial cells alone after menadione treatment were < 2% of the maximal LDH amounts, indicating that the LDH increases observed in the coculture experiments were derived mainly from damaged 661W cells (Supplemental Figure 10) . To assess the influence of MUTYH deficiency on the microglial activation or polarization of microglia in the retina of rd10 mice, we performed retinal whole-mount staining for Iba-1 and TNF-α or CD206. MUTYH deficiency suppressed the expression of TNF-α in microglia ( Figure 7A ) and increased CD206-positive microglia in the retina of P21 rd10 mice ( Figure 7B ). Taken together, these findings indicate that MUTYH is pivotal for microglial activation and neurotoxicity under oxidative damage.
Discussion
Oxidative damage to nucleic acids, as well as proteins and lipids, is implicated in the pathology of the genetically heterogeneous group of RP disease; however, the molecular and biological mechanisms by which oxidative damage mediates retinal degeneration remain largely unknown. We reported that the transgenic overexpression of MTH1 attenuated retinal oxidative DNA damage in rd10 mice, indicating that oxidized nucleotides in the nucleotide pool are incorporated into the DNA during retinal degeneration (16) . Our present findings further demonstrated that MUTYH-mediated BER against DNA oxidation is critical for SSB formation in the retinas of rd10 mice. Our results also revealed that oxidative DNA damage is accumulated in microglia in the early stage of retinal degeneration and that MUTYH mediates the microglial activation and neurotoxicity, thereby promoting retinal inflammation and degeneration in rd10 mice. These findings suggest a mechanism of retinal degeneration in RP, in which oxidative DNA damage to microglia triggers microglial activation and exacerbates photoreceptor cell death through MUTYH-mediated BER.
Inflammation in RP was thought to be a secondary event of primary photoreceptor cell death due to genetic mutations; however, an accumulating body of evidence suggests that chronic inflammation may contribute to the progression of rod and cone degeneration in RP. In the eyes of human RP patients, microglial cell infiltration was observed in the transition zone between relatively healthy and degenerated retina, an active region of vision loss (35) . We recently reported that the ocular inflammatory levels of RP patients are negatively correlated with visual function (36, 37) . In animal models of RP, it was shown that microglia migrate into the ONL at the onset of or before photoreceptor cell death (10, 38) , and the suppression of microglial activation ameliorates photoreceptor cell loss (32) . However, the mechanisms underlying microglial activation in RP have not been fully elucidated.
The results of the present study revealed that oxidative DNA damage promotes microglial activation through MUTYH-mediated BER during retinal degeneration. DNA oxidation in microglia, as well as in neuronal cells, has been demonstrated in kainate-induced or 3-nitropropionic acid-induced (3-NP-induced) neurodegeneration (23, 39), although it has not been determined which cells -microglia or neuronal cells Student's t tests were performed to assess the significance. *P < 0.05, **P < 0.01. insight.jci.org doi:10.1172/jci.insight.87781
-are the primary targets of oxidative damage. The results of the present investigation showed that, in rd10 mice, nuclear DNA oxidation occurs in the microglia before the peak of photoreceptor degeneration and thereafter expands to the photoreceptor nuclei, along with microglial activation. These findings suggest that oxidative DNA damage in microglia is critical for promoting the cycle of inflammation and photoreceptor cell death in RP. Because the incorporation of 8-oxoG into the template DNA and MUTYH-mediated BER occur during DNA replication (19, 20) , it is reasonable that MUTYH functions in the nuclei of mitotic microglia rather than the nuclei of postmitotic photoreceptor cells. However, because various cell types could be affected by systemic Mutyh deficiency, we cannot exclude the possibility that MUTYH acts directly on photoreceptor cells and induces cell death in rd10 mice. MUTYH-mediated BER forms single-or double-stranded breaks of DNA and induces cell death under severe oxidative stress in diverse cell types, indicating these events as an important mechanism of cell death conserved from bacteria to mammals (21, 23, 40, 41) . Further studies using microglia-or photoreceptor-specific Mutyh KOs are needed to elucidate the precise mechanisms by which oxidative DNA damage promotes retinal inflammation and degeneration in rd10 mice.
We reported that, in mouse embryonic fibroblasts, DNA oxidation in the nucleus and mitochondria induces SSBs through MUTYH activity and triggers 2 distinct pathways: nuclear DNA oxidation mediates PARP activation, and mitochondrial DNA oxidation activates calpain (21) . Sheng et al. demonstrated that 3-NP exposure induces nuclear DNA oxidation and PARP activation in striatal microglia; it also induces mitochondrial DNA oxidation and calpain activation in medium spiny neurons (23) , whereas isolated neurons from MTH1/OGG1 double-deficient mice accumulated 8-oxoG only in mitochondrial DNA, and the mice thus underwent impaired neuritogenesis in vitro (42) . Consistent with these findings, our present in vitro and in vivo experiments showed that nuclear DNA oxidation in microglia is associated with PARP activation, which was reversed by MUTYH deficiency. Previous studies showed that PARP is essential for microglial activation in experimental models of neuronal damage (43) (44) (45) . The results of the present and previous studies suggest that oxidative nuclear DNA damage and MUTYH are critical upstream regulators of microglial PARP activity during neurodegeneration.
Our present findings revealed that MUTYH-deficient microglia exhibited reduced TNF-α production and preserved CD206 expression under oxidative stress in vitro and in vivo. TNF-α is a proinflammato- ry cytokine that is released in response to infection and tissue injury, as well as DNA damage (46, 47) . It also induces cell death through the direct activation of caspases/receptor-interacting protein kinases or indirectly via the activation of inflammatory cells. TNF-α expression is increased in the retinas of animal models of RP, as well as the vitreous of RP patients (10, 36) . In addition, TNF-α blockade by infliximab suppressed photoreceptor cell death in an in vitro model of RP, indicating the detrimental role of TNF-α in retinal degeneration (48) . In contrast, CD206 (also called mannose receptor) mediates antiinflammatory and neuroprotective functions with scavenger receptor activity (34) . These findings suggest that MUTYH may promote retinal degeneration through the polarization of microglia toward the activated phenotype under oxidative DNA damage.
It is currently unclear why the DNA of microglia, which do not express the mutant gene, is oxidized in rd10 mice. Since microglia interact dynamically with dying or dead rod photoreceptor cells (which are associated with increased ROS generation) in the early stage of retinal degeneration (49) , the phagocytosis of these cells may contribute to the oxidative damage to microglia. In addition, the detailed signaling cascades by which MUTYH mediates microglial activation remain unknown. Although our present findings suggest the PARP pathway as a downstream event of MUTYH activation, previous studies demonstrated that JNK (50, 51) and NF-κB (52, 53) are also activated in response to DNA damage. The mechanisms of microglial oxidation in RP warrant further investigation.
Oxidative stress mediates diverse biological functions and signals, including both cell death and survival (54) . Although systemic treatments with high-dose antioxidants protected photoreceptor cells in experimental models of RP (6, 7), such interventions with much higher doses than those used for dietary supplements can be deleterious to organ systems. In the present study, we demonstrated that MUTYH in retinal microglia is a therapeutic target that mediates the retinal inflammation and degeneration downstream of oxidative DNA damage. Kim et al. demonstrated a method to deliver small interfering RNA selectively to microglia/macrophages, and they showed that the suppression of TNF-α in microglia ameliorates lipopolysaccharide-induced neuroinflammation and degeneration (55) . The application of these techniques to inhibit MUTYH in retinal microglia may thus be an effective approach to combat detrimental oxidative damage in RP. Although MUTYH deficiency leads to cancer formation in mice and humans (56) (57) (58) , selective knockdown in terminally differentiated cells such as microglia may result in a minimal risk of tumorigenesis.
In conclusion, our data showed that oxidative DNA damage activates microglia during MUTYHmediated BER, thereby promoting retinal inflammation and degeneration in a mouse model of RP. These findings suggest that MUTYH in oxidative microglial activation may be a potential therapeutic target for RP and other neurodegenerative diseases associated with oxidative stress and neuroinflammation.
Methods
Supplemental Methods are available online with this article.
Animals. WT (C57BL/6J) mice and B6.CXB1-Pde6β rd10 /J (rd10) mice were purchased from The Jackson Laboratory. Mutyh KO (Mutyh −/− ) mice were established as described (20, 57) . Rd10 mice were crossed with Mutyh −/− mice to generate rd10;Mutyh −/− mice for more than 10 generations. Rd10 mutation in the Pde6b gene was detected by PCR with the use of the forward primer 5'-TCTCAGAACCCACATGTACT-3' and reverse primer 5'-TGATTCATCTAGCCCATCCA-3' and subsequent direct DNA sequencing using a Hitachi 3500xl Genetic Analyzer (Applied Biosystems). The Mutyh genotype was analyzed as described (57) by PCR using the forward primer 5′-CCTGGTGCAAAGGCCTGA-3′ and the reverse primer 5′-GCAGTAGACACAGCTG-CAT-3′ to detect the WT allele, and the forward primer 5′-CTACGCATCGGTAATGAAGG-3′ and the reverse primer 5′-GCAGTAGACACAGCTGCAT-3′ to detect the Mutyh − allele. Both sexes were used in this study. Western blotting. Mouse eyes were enucleated and protein was extracted from the retinas by T-PER Tissue Protein Extraction Reagent (Thermo Fisher Scientific). Retinal protein (30 μg) was subjected to SDS-PAGE and transferred onto a polyvinylidene difluoride membrane. The membranes were blocked with Starting Block T20 Blocking Buffer (Thermo Fisher Scientific) for 30 min and then incubated with rabbit anti-hMUTYH antibody, as previously described, (1:3,500) at 4°C overnight (59) . After being washed with Tris-buffered saline containing 0.1% Tween, the membranes were incubated with anti-rabbit secondary antibody labeled with horseradish peroxidase (Envision + System, Dako), and signals were developed by chemiluminescence with SuperSignal West Femto (Thermo Fisher Scientific). Lane-loading differences were normalized by β-actin (1:1,000, 4967, Cell Signaling Technology).
Retinal whole-mount staining. Mouse eyes were enucleated and fixed with 4% paraformaldehyde (PFA) for 1 hr at 4°C. After removal of the corneas and lenses, the retinas were blocked for 1 hr with PBS containing 10% nonfat dried milk and 0.3% Triton-X 100 (Wako [9002-93-1]). The retinas were then incubated with rabbit anti-Iba-1 antibody (1:100, 019-19741, Wako), Alexa Fluor 647-conjugated rat anti-F4/80 antibody (1:100, 123121, BioLegend), rabbit anti-ssDNA antibody (1:100, 18731, Immuno-Biological Laboratories), mouse anti-PAR antibody (1:100, 4336-APC-050, Trevigen), FITC-conjugated PNA (1:100, L7381, Sigma-Aldrich), mouse anti-TNF-α antibody (1:100, ab1793, Abcam) or Alexa Fluor 488-conjugated rat antimouse CD206 antibody (1:100, 141710, BioLegend) at 4°C overnight.
After being washed with PBS, the retinas were incubated with appropriate Alexa Fluor 488-or Alexa Fluor 647-conjugated secondary antibodies (Invitrogen) for 1 hr at room temperature (RT) and then mounted on slides. To assess the number of microglia in the retina, we counted the Iba-1-positive cells in 0.25-mm 2 retinal areas in the superior, inferior, temporal, and nasal areas located 250 μm, 500 μm, and 1,000 μm from the optic disc. To assess the number of cone photoreceptor cells, we counted the PNA-positive cells in 0.015625-mm 2 retinal areas in the superior, inferior, temporal, and nasal areas located 250 μm, 500 μm, and 1,000 μm from the optic disc. The names and conditions of the samples were masked from the observers. The number of Iba-1-positive cells or PNA-positive cells was averaged, as were the numbers of the 4 retinal areas in each location (250 μm, 500 μm, and 1,000 μm). Immunofluorescence images were acquired using a confocal microscope (A1R, Nikon).
Retinal section staining. Mouse eyes were enucleated and fixed with 4% PFA at 4°C overnight and paraffinized. Sections (3-μm thick) were incubated with rabbit anti-ssDNA antibody ( Photoreceptor cell counting. The number of nuclei in the ONL was counted as described (10) . Briefly, deparaffinized retinal sections were stained with H&E. Images were acquired using a phase contrast microscope (BX51, Olympus). The numbers of nuclei in 10,000-μm 2 areas in the central, mid, and peripheral regions of the nasal and temporal hemispheres were counted in a masked fashion.
Immunodetection of 8-oxoG. The immunodetection of 8-oxoG in DNA was performed as described (16, 60) . For paraffinized samples, deparaffinized retinal sections were incubated with 5 mg/mL RNase (Sigma-Aldrich) at 37°C for 1 hr followed by a wash with PBS. For the detection of 8-oxoG in cellular DNA, the RNase-treated sections were blocked for 1 hr with PBS containing 5% nonfat dried milk and 0.3% Triton-X 100 and then incubated with N45.1 anti-8-oxoG antibody (1:100, MOG-020P, JaICA) at 4°C overnight.
For the detection of 8-oxoG in nuclear DNA, the RNase-treated sections were further treated with 2 N HCl at RT for 10 min followed by treatment with Tris-HCl, pH 7.5, at RT for 10 min, and then blocked and incubated with N45.1 anti-8-oxoG antibody at 4°C overnight. All sections were incubated with biotinylated secondary antibody (Vector Laboratories) at RT for 45 min and then processed with a Vectastain ABC Kit (Vector) according to the manufacturer's instructions. For the detection of the peroxidase signals, sections were incubated with DAB with nickel solution (Vector) for 2 min and immediately washed with distilled water. Images were acquired using an Olympus BX51 microscope.
For the retinal whole-mount staining, mouse eyes were enucleated and fixed with 4% PFA for 1 hr at 4°C. After removal of the corneas and lenses, retinas were incubated with 5 mg/ml RNase (Sigma-Aldrich) at 37°C for 1 hr followed by treatment with 2 N HCl at RT for 10 min and treatment Tris-HCl, pH 7.5, at RT for 10 min. The retinas were then blocked for 1 hr with PBS containing 10% nonfat dried milk and 0.3% Triton-X 100, followed by incubation with anti-8-oxoG antibody (1:100, MOG-020P, JaICA) and rabbit anti-Iba-1 antibody (1:100, 019-19741, Wako) at 4°C overnight. After being washed with PBS, the retinas were incubated with appropriate Alexa Fluor 488-and Alexa Fluor 647-conjugated secondary antibodies (Invitrogen) for 1 hr at RT and then mounted on slides. For the detection of nuclei, retinas were counterstained with DAPI before being mounted on slides.
Primary culture of microglial cells. Primary microglial cells were harvested as described (61, 62) . The cerebral cortices of rd10 mice and rd10;Mutyh −/− mice at P1-P4 were collected. Cortical tissues were incubated with PBS containing 0.0625% trypsin (Thermo Fisher Scientific) and 0.1 mg/ml DNase (Roche Diagnostics) for 5 min at 37°C and washed. These mixed glial cells were cultured in DMEM (high glucose, Thermo Fisher Scientific) containing 10% FBS, 100 U/ml penicillin, 100 μg/ml streptomycin, and 5 μg/ml insulin (Sigma-Aldrich) in a 75-cm 2 flask coated with poly-D-lysine (PDL) (Sigma-Aldrich). The medium was changed every 2-3 days. After culturing for 10-14 days, the flask was shaken (1000 g, 37°C, 10 min) and floating microglial cells were harvested. More than 95% of the collected cells were Iba-1-positive (Supplemental Figure 6) .
Enzyme-linked immunosorbent assay. Microglial cells were plated on a 96-well PDL-coated plate at a density of 1.5 × 10 4 cells/well in DMEM with FBS and incubated for 24 hr. After incubation, the medium was changed to serum-free DMEM containing various concentrations of menadione (0, 50, and 250 μM) (Sigma-Aldrich) and incubated for 24 hr. After incubation, the cellular supernatants were harvested and we evaluated the levels of TNF-α using an ELISA (R&D Systems) according to the manufacturer's instructions.
Immunocytostaining. Microglial cells were plated on a 4-well slide chamber (Nunc, Thermo Fisher Scientific) in DMEM containing FBS and incubated for 24 hr. After incubation, the medium was changed to DMEM containing FBS with (250 μM) or without (0 μM) menadione and incubated for 24 hr. After the incubation, the cells were fixed with 4% PFA at RT for 10 min. After a wash with PBS, the cells were incubated with PBS with 0.3% Triton-X 100 for 5 min and blocked with PBS containing 10% nonfat dried milk for 1 hr at RT. After blocking, the cells were incubated with rabbit anti-ssDNA antibody (1:100, 18731, Immuno-Biological Laboratories), mouse anti-PAR antibody (1:100, 4336-APC-050, Trevigen), and Alexa Fluor 488-conjugated rat anti-mouse CD206 antibody (1:100, 141710, BioLegend) at 4°C overnight. After a wash with PBS, the cells were incubated with Alexa Fluor 488-conjugated secondary antibody for 1 hr at RT and the nuclei were counterstained with DAPI. More than 100 microglial cells were counted per well, and the ratios of ssDNA, PAR, and CD206-positive microglial cells were calculated.
Coculture of microglial cells with 661W photoreceptor cells and the LDH assay. To determine the cell toxicity of the activated microglia, we cocultured primary microglial cells with 661W cells, a photoreceptor cell line, which were a gift from M.R. Al-Ubaidi, University of Oklahoma Health Sciences Center (Oklahoma City, Oklahoma, USA) (63) . We cultured the 661W cells in DMEM (Sigma-Aldrich) containing 10% FBS, 100 U/ml penicillin, and 100 μg/ml streptomycin. The 661W cells were plated on a 96-well PDL-coated plate at a density of 1.5 × 10 4 cells/well, incubated for 48 hr, and washed with serum-free DMEM just before the coculture experiment.
Activated microglial cells were prepared as follows: primary microglial cells were treated with various concentrations of menadione (0, 50, and 250 μM) and incubated for 6 hr. After a wash with serum-free DMEM, activated microglial cells were added to the 96-well plate containing 661W cells. They were cocultured for 24 hr; then, the supernatants were subjected to the LDH assay using a Cytotoxicity Detection Kit (Roche Diagnostics). The maximum amount of releasable LDH enzyme activity was determined by lysing the 661W cells with 0.1% Triton-X 100. The percent cytotoxicity of each well was calculated as follows: (absorbance value of supernatant from each well/mean absorbance value of supernatants from 661W cells treated with Triton-X 100 well) × 100.
Statistics. Statistical analyses were performed using JMP 11.0.0 (SAS Institute). Comparisons of data between 2 groups were analyzed by Student's t test or the Wilcoxon rank sum test according to the data distribution. Differences were considered significant at P < 0.05.
Study approval. All mice were treated in accordance with the standards of the Association for Research in Vision and Ophthalmology for the use of animals in ophthalmic and vision research. All experimental procedures were approved by the Committee for Animals, Recombinant DNA, and Infectious Pathogens Experiments at Kyushu University.
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